The lack of a mouse model has hampered an understanding of the pathogenesis and immunity of Marburg hemorrhagic fever (MHF), the disease caused by marburgvirus (MARV), and has created a bottleneck in the development of antiviral therapeutics. Primary isolates of the filoviruses, i.e., ebolavirus (EBOV) and MARV, are not lethal to immunocompetent adult mice. Previously, pathological, virologic, and immunologic evaluation of a mouse-adapted EBOV, developed by sequential passages in suckling mice, identified many similarities between this model and EBOV infections in nonhuman primates. We recently demonstrated that serially passaging virus recovered from the liver homogenates of MARV-infected immunodeficient (SCID) mice was highly successful in reducing the time to death in these mice from 50 to 70 days to 7 to 10 days after challenge with the isolate MARV-Ci67, -Musoke, or -Ravn. In this study, we extended our findings to show that further sequential passages of MARV-Ravn in immunocompetent mice caused the MARV to kill BALB/c mice. Serial sampling studies to characterize the pathology of mouse-adapted MARV-Ravn revealed that this model is similar to the guinea pig and nonhuman primate MHF models. Infection of BALB/c mice with mouse-adapted MARV-Ravn caused uncontrolled viremia and high viral titers in the liver, spleen, lymph node, and other organs; profound lymphopenia; destruction of lymphocytes within the spleen and lymph nodes; and marked liver damage and thrombocytopenia. Sequencing the mouse-adapted MARV-Ravn strain revealed differences in 16 predicted amino acids from the progenitor virus, although the exact changes required for adaptation are unclear at this time. This mouse-adapted MARV strain can now be used to develop and evaluate novel vaccines and therapeutics and may also help to provide a better understanding of the virulence factors associated with MARV.
thermore, there are no published reports of any lethal mouseadapted MARV. The current mouse-adapted EBOV, strain Zaire (ZEBOV), was developed by performing nine sequential passages of ZEBOV 1976 virus in suckling mice, followed by two sequential plaque picks. The resulting virus was uniformly lethal to mice inoculated intraperitoneally (i.p.). Pathological evaluation of infected mice identified many similarities and only a few differences between this model (7, 22) and infections in nonhuman primates (21) .
In a previous study, we took a slightly different approach to mouse adaptation of MARV and found that serially passaging virus recovered from the liver homogenates of MARV-Ravninfected adult mice with severe combined immunodeficiency (SCID mice) resulted in the generation of SCID-adapted MARV-Ravn (scid-MARV) that rapidly killed SCID mice but did not kill adult immunocompetent mice (51) . In this study, we used scid-MARV as starting material for the first round of infection of adult immunocompetent BALB/c mice and serially passaged virus recovered from the liver homogenates of the BALB/c mice. MARV-Ravn was chosen over SCID-adapted MARV-Ci67 or -Musoke because it adapted more rapidly to SCID mice than the other isolates did. This produced a mouseadapted MARV-Ravn strain (ma-MARV) that could kill adult BALB/c mice. Serial sampling studies to characterize the pathogenesis of ma-MARV revealed that this model was very similar to the guinea pig and nonhuman primate Marburg hemorrhagic fever (MHF) models, including rapid viremia, induction of D-dimers (fibrin degradation products), thrombocytopenia, profound loss of circulating and tissue lymphocytes, and marked liver damage. Additionally, we compared the immunological responses of mice after infection with either nonadapted wild-type MARV-Ravn (wt-MARV) or ma-MARV. This mouse model of MARV infection not only should advance our understanding of MARV pathogenesis and immunity but also may play a critical role in discovery of therapeutics for MARV infection.
MATERIALS AND METHODS
Virus and cells. Primary human-derived wt-MARV and ma-MARV-Ravn were propagated in Vero or VeroE6 cells, and plaques were counted by a standard plaque assay on Vero cells (33) . MARV-infected cells and animals were handled in a biosafety level 4 (BSL-4) laboratory at the United States Army Medical Research Institute of Infectious Diseases.
Animals. BALB/c mice aged 6 to 10 weeks, of either gender, were obtained from the National Cancer Institute, Frederick Cancer Research and Development Center (Frederick, MD). Mice were housed in microisolator cages and provided autoclaved water and chow ad libitum. Research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adhered to principles stated in the Guide for the Care and Use of Laboratory Animals (34a). The facility where this research was conducted is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International.
Mouse adaptation. The general approach to adapt MARV to lethality in mice was to start with the virus previously adapted to SCID mice, which had an increased virulence compared to that of the progenitor wt-MARV (51) , and then to passage the virus in BALB/c mice to develop a lethal mouse-adapted MARV. The goal was to isolate a virus capable of migrating and replicating in the liver at the earliest time point. To start, the SCID-adapted MARV-Ravn strain, which had been passaged 10 times in SCID mice (51) , was injected i.p. into 10 6-to 10-week-old immunocompetent BALB/c mice. On day 3 or 4, two mice were euthanized, and the livers were removed, pooled, and homogenized in 10 ml of phosphate-buffered saline. Upon each passage, the liver homogenates were injected i.p. ("passaged") (200 l) into naïve mice. Lethal viruses were then isolated by plaque purification from the livers of the BALB/c mice that succumbed to infection (after 24 total passages in SCID and BALB/c mice). None of the liver homogenates before passage 24 killed BALB/c mice.
Viral RNA extraction, cDNA synthesis, and nucleic acid sequence determination. Viral RNA was extracted from Trizol LS reagent (Invitrogen Corp.)-treated viral stocks. The final ma-MARV-Ravn strain was plaque purified three times before seed stock production. Liver homogenates from the last three BALB/c passages were also treated with Trizol LS reagent; however, these were not plaque purified before RNA extraction. cDNA was synthesized from viral RNA by reverse transcription-PCR by using standard methods and random primers.
Nucleotide sequences were determined by primer walking the entire genome by use of oligonucleotide primers designed from the MARV-Ravn guinea pig lethal variant published sequence (GenBank accession no. EF446131), using Lasergene Primer Select v:7.2.1(1), 410 (DNASTAR, Inc.). The termini of all genomes were sequenced with the gene-specific primer extrapolated from the published sequence that was used to generate the amplimer. The remaining genomic nucleotide sequences were determined from overlapping PCR amplimer contigs, using an ABI Prism BigDye Terminator cycle sequencing ready reaction kit (v1.0 or v3.1; Applied Biosystems) per the manufacturer's instructions for amplimers. Nucleic acid sequence determination was performed with an ABI Prism 3730 DNA analyzer, and the resultant contigs were assembled with Lasergene SeqMan II, v:7.2.1(1), 410 software for Microsoft Windows (DNASTAR, Inc.). Transcribed and translated nucleic acid and deduced amino acid sequences were aligned and percent identities calculated using LaserGene MegAlign Clustal W v:7.2.1(1), 410 (DNASTAR, Inc.).
Viral challenges with mouse-adapted MARV. For characterization studies, BALB/c mice (unless otherwise indicated) were injected i.p. with ϳ1,000 PFU of wt or mouse-adapted MARV-Ravn. To determine the lethality of the mouseadapted MARV-Ravn strain, mice were inoculated with 1,000 or 100,000 PFU by i.p., subcutaneous (at the base of the neck or tail), intramuscular, footpad, or intranasal inoculation. All inoculations were done in a volume of 100 l, except for footpad inoculation, which was carried out with 20 l. After challenge, mice were observed at least twice daily for illness and death, and in some experiments, daily weights were determined for each infected group. Mice considered moribund were euthanized based on set criteria (weight loss, reduced grooming, anorexia, and decreased activity and responsiveness).
Serial sampling studies. Five animals were randomly chosen to be euthanized at 0 to 7 days postchallenge for necropsy. Blood samples were obtained under anesthesia by cardiac puncture. Viremia or tissue viral titers were determined by traditional plaque assay (33) . Hematological, cytokine (mouse 25-plex cytokine kit; Biosource/Invitrogen), alpha interferon (IFN-␣) (Biosource/Invitrogen), and D-dimer levels (Diagnostica Stago), as well as liver-associated enzyme levels, were measured as previously described (19, 52) . Clotting times (prothrombin time [PT] and activated partial thromboplastin time [aPTT]) were determined using ThromboScreen (Fisher Diagnostics). Tissues from each mouse were collected in 10% neutral buffered formalin and held in the BSL-4 laboratory for Ͼ21 days. The tissues were embedded in paraffin, sectioned for histology, and stained with hematoxylin and eosin for routine light microscopy or stained with MARV-specific antisera to identify viral antigen.
Flow cytometry. Cardiac puncture was used to acquire blood from anesthetized mice into EDTA tubes. For lymphocyte number and other hematologic analyses, blood was analyzed with an ACT 10 counter (Coulter, Fullerton, CA). Remaining blood or a single-cell suspension of mouse splenocytes was lysed with red blood cell lysing buffer (Sigma, St. Louis, MO) and washed with RPMI medium containing 2% fetal calf serum. For both blood cells and splenocytes, antibodies (purchased from eBioscience, San Diego, CA, and BD Biosciences, San Jose, CA) were added at 1:100, incubated for 15 min at 4°C, and then washed. Cells were analyzed in BSL-4 containment with a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA).
Statistical analysis. Paired Student's t test was used to directly compare samples from MARV-infected and mock-infected mice. P values of Յ0.05 were considered significant.
Nucleotide sequence accession numbers. MARV-Ravn sequences were submitted to GenBank on 19 February 2008 and were given the following accession numbers: MARV-Ravn progenitor, EU500827; and mouse-adapted MARVRavn, EU500826.
RESULTS
Adaptation of MARV to BALB/c mice. Twenty-four sequential passages of MARV-Ravn (10 passages in SCID mice and then 14 passages in BALB/c mice) generated a MARV-Ravn strain that was lethal to adult immunocompetent BALB/c mice (ma-MARV). No lethality or morbidity was observed in BALB/c mice by any of the MARV isolates in passages before passage 24. To verify the lethality of the plaque-purified ma-MARV, BALB/c mice were injected i.p. with ϳ1,000 PFU of ma-MARV (Fig. 1A) . To determine which routes of infection were lethal, BALB/c mice were infected via different routes with ma-MARV. Interestingly, the mice that were infected via the i.p. or intranasal route lost a significant amount of weight, while those injected subcutaneously (base of neck or tail), in the footpad, or intramuscularly did not (Fig. 1B) . Only i.p. injection of BALB/c mice caused lethal disease among the many routes tested, and this was true with both 1,000-and 100,000-PFU challenge doses (data not shown). i.p. injected mice became ruffled, hunched, and lethargic prior to succumbing to infection; bleeding was not observed. Similarly, mouseadapted EBOV causes lethality only when it is injected via the i.p. route (7) . Differences in lethality for various infection routes may be due to rapid uptake of the virus by phagocytic cells in the peritoneal cavity, lack of induction of innate immunity following i.p. administration, differential control of the virus by peripheral lymph nodes, and differences in virus distribution (systemic versus localized) following different inoculation routes (7) .
Growth of wt-MARV and ma-MARV in mice. To determine the virologic, pathological, and immunologic differences in wt-MARV and ma-MARV, serial sampling studies were carried out. Viral replication in sera or tissue homogenates from infected BALB/c mice was assessed using a standard plaque assay. Viremia was detected sooner in ma-MARV-infected mice, as early as day 1, than in mice infected with wt-MARV ( Fig. 2A) . Additionally, the viral titers in the blood peaked at much higher levels for the lethal ma-MARV-infected mice than for wt-MARV-infected mice (Fig. 2A) ; this was also true for all other tissues assayed, with the exception of the spleen, where the peak viral titers for mouse-adapted and wt viruses were similar ( Fig. 2B to I ). The other notable difference in viral titers between the ma-and wt-MARV-Ravn-infected mice was the rate of viral clearance, as the wt-MARV-infected mice appeared to resolve the viral infection around day 6. In the liver, spleen, kidneys, lungs, and gonads, the virus was readily detectable by day 3 after infection with ma-MARV and increased steadily until the time of death. In the mesenteric lymph nodes, brain, and intestine, virus was not detectable until later times in the ma-MARV-infected mice. Pathology. Compared to the spleens of uninfected mice (Fig.  3A) , there was diffuse but mild lymphoid depletion in both the periarteriolar lymphoid sheaths (PALS) and follicles in ma-MARV-infected mice, without histologic evidence of lymphocytolysis, at 2 and 3 days postinfection (Fig. 3B ). There was also congestion of the red pulp and loss of the compartment where mice normally have extramedullary hematopoiesis. This also included a loss of megakaryocytes, the source of new platelets. By day 4, moderate lymphoid depletion with increased numbers of apoptotic-like bodies and tingible body macrophages, consistent with lymphocytolysis, was observed in the PALS and follicles ( Fig. 3C and D) . The splenic lymphoid depletion and, particularly, lymphocytolysis progressively worsened in mice through day 7, with increased numbers of apoptotic-like bodies and tingible body macrophages being observed in the splenic red pulp (data not shown). Large lymphoblastic cells were also noted in the splenic marginal zones on days 5, 6, and 7. In contrast to the case for uninfected mice (Fig. 3E) , rounded-up hepatocytes with hypereosinophilic cytoplasm and pyknotic nuclei, interpreted as single-cell hepatocellular necrosis, were randomly scattered throughout the hepatic parenchyma of ma-MARV-infected mice at day 3 postinfection (Fig. 3F) . On days 4, 5, and 6, hepatic lesions consistently and progressively worsened, characterized by extensive lipid-type vacuolar changes (fatty degeneration) and single-cell hepatocellular necrosis, with occasional pleomorphic eosinophilic intracytoplasmic inclusion bodies and multifocal to coalescing areas of neutrophilic inflammation mixed with cellular debris (Fig. 3G and H) . By day 7, few normal hepatocytes were observed histologically (data not shown). In contrast, drastic pathological changes, including severe lymphocytolysis and lymphoid depletion in the spleen and hepatocellular degeneration and necrosis in the spleen and liver, were not observed in wt filovirus-infected mice.
By immunohistochemistry, and in contrast to the case for uninfected mice (Fig. 4A) , rare ma-MARV-infected splenic cells were observed on day 1 (data not shown), with a slight increase in immunopositive cells by day 2 (Fig. 4B) . The strongest and most significant splenic immunostaining was observed on day 3, in the marginal zones near the B-cell follicles and within the perilymphoid (perifollicular) red pulp of infected mice, localized to cells morphologically suggestive of macrophages and/or dendritic cells (Fig. 4C ). There was decreased viral antigen staining on days 4 and 5 (Fig. 4D) , and almost no antigen was observed in any ma-MARV-infected mice by days 6 and 7, except on the splenic capsule ( Fig. 3E and F) . In contrast to the case for uninfected mice (Fig. 4G) , rare ma-MARV-infected liver cells were observed on day 1 (data not shown), with a slight increase in MARV-positive cells by day 2 or 3 ( Fig. 4H and data not shown) . The strongest and most significant liver immunostaining was observed on days 4 to 6 (Fig. 4J to L and data not shown). Similar to observations in the spleen, there was decreased viral antigen staining at day 7 in the liver (data not shown).
Clinical laboratory changes in ma-MARV-infected mice. Hematologic analysis revealed a decrease in peripheral white blood cell counts in mice infected with ma-MARV on days 3 to 5 after infection (Fig. 5A) . Similarly, peripheral lymphocyte numbers fell in ma-MARV-infected mice on days 3 and 5 postinfection and recovered on day 7 ( Fig. 5B and C) . This drop and subsequent recovery in peripheral lymphocyte numbers have been reported for EBOV-infected primates and mice (5, 21, 38) . Mice infected with wt-MARV did not have a statistically significant difference in peripheral white blood cell or lymphocyte number over the course of infection. Liver and kidney functions were analyzed by measuring levels of alanine transaminase (ALT), aspartate transaminase (AST), amylase, alkaline phosphatase (ALP), blood urea nitrogen (BUN), and glucose in serum. As shown in Fig. 5D to I, liver and kidney functions were both greatly diminished, as revealed by increased ALT, AST, ALP, and BUN levels and decreased glucose levels in ma-MARV-infected mice, whereas mice infected with wt-MARV-Ravn were not affected.
Platelet levels in ma-MARV-infected mice decreased drastically starting at day 5 postinfection, while wt-MARV-infected animals showed no significant difference in platelet counts compared to uninfected mice (Fig. 6A) . Consistent with alterations in coagulopathy, we also noted elevated D-dimer levels in ma-MARV-infected mice but not in wt-MARV-infected animals (Fig. 6B) . However, we did not note significant fibrin deposition in tissues by electron microscopy (data not shown). Furthermore, no change in PT with either mouse-adapted MARV or wt-MARV infection was noted compared to naïve mice (day 0). However, by day 5, we noted a drop in the aPTT for mouse-adapted MARV-but not wt-MARV-infected mice compared to uninfected mice. This is a curious observation given the concurrent rise in D-dimer levels and drop in platelet levels, and it warrants further investigation.
Immunologic responses to wt-MARV or mouse-adapted MARV. Total numbers of white blood cell subsets in blood (Fig. 7) were determined by flow cytometry for infected animals and compared to the numbers for uninfected animals. Peripheral numbers of CD4 ϩ , CD8 ϩ , B, and NK cells in ma-MARV-infected mice were decreased relative to those in wt-MARV-infected mice (Fig. 7A to D) . Peripheral macrophages and dendritic cell numbers in the blood and spleen increased on day 7 in ma-MARV-infected mice (Fig. 7E and F were similar to those observed in mouse-adapted EBOV infection (5).
As part of our characterization, we broadly assayed cytokine responses to wt and mouse-adapted MARV-Ravn infection (Fig. 8) . Most of the cytokines were not modulated in the sera of BALB/c mice after wt-MARV infection. For ma-MARVinfected mice, increases in almost every inflammatory (MCP-1, MIG, IP-10, KC, MIP-1 alpha, and interleukin-6 [IL-6]), Th1 (IFN-␥ and IL-12), and Th2 (IL-5, IL-10, and IL-13) cytokine assayed were observed relative to those in wt-MARV-infected mice (Fig. 8) . Interestingly, transient increases in IFN-␣ were observed in the ma-MARV-Ravn-infected mice compared to wt-MARV-Ravn-infected mice (Fig. 8) . These data suggest an ineffective immune response to lethal ma-MARV-Ravn infection but not to infection with wt-MARV. It is important that cytokine levels measured in serum are only crude indicators of local antiviral immune responses.
Mutations identified in mouse-adapted virus variants. In order to identify the mutations in mouse-adapted MARVRavn, the genomic nucleotide sequences were compared to those of a human isolate which is nonlethal in mice but 100% lethal in macaques (11) . There were 61 nucleotide differences identified in ma-MARV compared with the wt-MARV isolate. The nucleotide differences in viral variants are listed in Table  1 . A majority of the nucleotide differences were thymine-tocytosine changes (90% for ma-MARV), which in addition to the other transversions and transitions were all located in the nucleoprotein, VP35, VP40, and VP30 coding regions and the VP35-VP40 and GP-VP30 intergenic regions. There were no nucleotide changes in leader/trailer, glycoprotein (GP), and RNA-dependent RNA polymerase (L) coding regions or in other intergenic regions. The percentage of the nucleotide differences predicted to cause amino acid mutations was 23% for the ma-MARV variant. The predicted amino acid differences among the wt and mouse-adapted viral variants are listed in Table 1 .
DISCUSSION
This is the first report of a lethal immunocompetent mouse model for study of vaccines, therapeutics, pathogenesis, and immunity for MHF. The development of a MARV-Ravn lethal infection model with adult BALB/c mice was achieved by serially passaging virus recovered from the livers of MARVinfected mice until lethality was achieved after a total of 24 mouse passages. Pathogenesis studies of the mouse-adapted MARV strain in BALB/c mice revealed that this novel mouseadapted MARV model has many similarities to guinea pig and nonhuman primate MHF models, including uncontrolled viral growth in every tissue assayed, changes in coagulation function, profound destruction of circulating and tissue lymphocytes, and marked liver damage.
Based on EBOV adaptation data for mice, we would have predicted changes in VP24, NP, and L to be important (12, 50) . However, we found a combination of changes in VP40 (n ϭ 7 amino acid differences), VP35 (n ϭ 5 amino acid differences), NP, and VP30 (n ϭ 1 amino acid difference in each protein) in ma-MARV-Ravn compared to the primary isolate from which it was derived ( Table 1) . The relationship of the identified FIG. 3 . Histological changes in spleens and livers of mice infected with MARV. BALB/c mice were challenged i.p. with 1,000 PFU of mouse-adapted MARV-Ravn, and tissue samples were collected on days 0, 1, 2, 3, 4, 5, 6, and 7 after challenge (n ϭ 4/group). The spleens from the MARV-infected mice were stained with hematoxylin and eosin, and representative pictures from days 0 (A), 2 (B), and 4 (C and D) are shown. The livers from the MARV-infected mice were also stained with hematoxylin and eosin, and representative pictures from days 0 (E), 3 (F), 5 (G), and 6 (H) are shown. (A) The control (uninfected) mouse sampled at day 0 showed normal splenic morphology. (B) On day 2, noticeable white pulp pallor (PALS and follicles) suggestive of mild lymphoid depletion was observed in the spleens from MARV-infected mice. There was also diffuse red pulp congestion. (C and D) The lymphoid depletion continued to worsen, and by day 4, the first histologic evidence of necrotic/apoptotic lymphocytes and tingible body macrophages was observed. In comparison to day 2, on day 4 there was decreased red pulp cellularity, with an increased amount of necrotic/apoptotic debris (arrowheads). (E) The control (uninfected) mouse sampled at day 0 showed normal hepatic morphology. (F) On day 3, individual necrotic hepatocytes (arrowheads) were occasionally observed scattered throughout the hepatic parenchyma. By day 4, and extending through days 5 (G), 6 (H), and 7 (not shown), histologic lesions consistently present in livers from MARV-infected mice included moderate to severe vacuolar changes (fatty degeneration [asterisk]), single-cell hepatocellular necrosis (arrowhead), eosinophilic intracytoplasmic inclusion bodies, and multifocal to coalescing areas of neutrophilic inflammation admixed with cellular debris. Magnification, ϫ4 for panels A to C, ϫ10 for panel H, and ϫ20 for panels D to G. sequence differences to the process of mouse adaptation is unclear at this time. This can be examined in the future through the use of reverse genetic mutations to introduce these changes into the progenitor sequence and subsequently to perform challenge experiments with mice and the mutated viruses. The mutations we identified for mouse adaptation of MARVRavn differ from those required for mouse adaptation of EBOV (7, 12) . The filovirus VP40 matrix protein is required for viral assembly and budding, and changes in the VP40 protein may increase viral replication or fitness (48) . Interestingly, the amino acid mutation identified in VP40 also occurs in guinea pig-adapted MARVs that we have previously described and is located in a nonconserved loop structure between two domains that are homologues only among MARV isolates (31) . The NP is tightly associated with the viral RNA, and together with L, VP30, and VP35, it forms the nucleocapsid complex (4). Furthermore, the VP35 protein is an IFN antagonist (2, 3, 9) , and IFN responses have been suspected to be responsible for resistance of mice to primary filovirus isolates (6) . It was surprising that we did not find changes in VP24, as it is also thought to be an IFN antagonist and important for mouse adaptation of EBOV (12, 13, 28, 39) , or GP, which is the attachment protein and immunodominant viral protein. It was also surprising to us that there were no amino acid mutations in the L protein, as it along with VP35 forms the RNAdependent RNA polymerase (4) and mutations in either of Hepatocellular staining, noticeable by day 3 and progressively worsening through day 5, was most prominently associated with the cellular membranes of necrotic hepatocytes and with the sinusoids (asterisks). MARV antigen was also localized to areas of inflammation. (L) On day 6, there was decreased hepatic MARV immunostaining, where most viral antigen was seen associated with necrotic hepatocytes and foci of inflammation rather than with pale, swollen, and vacuolated (fatty degeneration) hepatocytes. Magnification, ϫ10 for panels A to D, K, and L and ϫ20 for panels E, F, and G to J.
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at USAMRIID on August 20, 2009 jvi.asm.org these proteins might alter viral replication rates (20, 52) . A benefit of nonhuman primate models is their susceptibility to primary human MARV isolates. However, ma-MARV has very few amino acid changes compared to the progenitor (16 of ϳ6,000 amino acids, or Ͻ0.3% mutation from the parental primary isolate), and thus it remains remarkably similar to the progenitor virus derived from a human case of MHF. There is evidence that mouse-adapted EBOV is somewhat attenuated in nonhuman primates (7); whether this is the case for ma-MARV-Ravn awaits further study. It has been proposed that the pathogenesis of EBOV and MARV infections in nonhuman primates most closely mirrors that seen in human disease, although the pathology data after human disease are scarce (14, 16, 17, 25) . Experimental infection of nonhuman primates with MARV results in an incubation period of 2 to 6 days before laboratory and clinical changes begin to occur, with death typically occurring 8 to 11 days after parenteral infection, or longer for mucosal inoculation (24, 32, 34) . The clinical signs of MHF in nonhuman primates include fever, anorexia, maculopapular rash, huddling, weight loss, dehydration, diarrhea, prostration, failure to respond to stimulation, hind-limb paralysis, and rarely, bleeding from body orifices. Therefore, many of the clinical observations for the mouse and nonhuman primate MARV infection models are similar. The most notable dissimilarities for mice compared to nonhuman primates are the lack of susceptibility to wt viruses and susceptibility to a single route of infection. Additionally, the 50% lethal dose may be slightly higher for the mouse model than for the nonhuman primate model (Ͻ42 PFU based on a single study [data not shown]). However, the incubation period, time to death, and many of the other clinical signs were similar in both the mouse and nonhuman primate models.
Serial sampling studies to characterize the pathogenesis of ma-MARV ( Fig. 3 and 4) indicated additional similarities to filovirus disease observed in other models, including guinea pigs and nonhuman primates (10, 16, 24, 29, 34, 40-43, 45-47, 50, 54) . Principle gross necropsy lesions in guinea pigs and nonhuman primates after MARV infection include splenomegaly, enlarged fatty liver, enlarged mesenteric lymph nodes, consolidated hemorrhagic areas in the lungs, and vascular congestion and petechial and/or ecchymotic hemorrhage in the gastrointestinal tract, reproductive organs, adrenal glands, pancreas, liver, spleen, brain, and heart (24, 32, 34, 40, 45, 49, 51, 54) . Initial microscopic lesions in MARV-infected guinea pigs and nonhuman primates arise in the mononuclear phagocytic system of the liver and spleen (24, 32, 34, 40, 45, 54) . Later notable microscopy observations of MARV-infected guinea pigs and nonhuman primates include multifocal necrosis of liver tissue with the presence of apoptotic bodies and evidence of fatty degeneration, and depletion or complete destruction of the while pulp in the spleen and lymph nodes is observed, along with red pulp disruption due to deposition of cellular debris (17, 30, 34, 35, 44, 45, 54) . Lymphocyte apoptosis is a common finding in acute, severe infections (1, 15, 36, 37) . In some cases, such as septic shock, inhibition of lymphocyte apoptosis can diminish the pathogenesis of infection (32) . Several host factors, including TRAIL, FasL, and nitric oxide, have been proposed to cause lymphocyte apoptosis in filovirus infection (18, 21, 26) . It has also been suggested that lymphopenia and destruction of lymphocytes during filovirus infection may be due to a retrovirus-like peptide within the GP (53) , although the precise mechanism for this model is not yet established. It is interesting that viremia, as well as MARV antigen staining in the tissues, decreases over time in animals infected with lethal ma-MARV (Fig. 4) . This may be due to active and functional immune responses, as observed in the EBOV mouse model (5) . Furthermore, the majority of the changes observed in the blood of mice infected with ma-MARV are very similar to those observed in nonhuman primates. Early hematological changes include profound lymphopenia, variable neutrophilia, and profound thrombocytopenia beginning around day 5 or 6 of the infection. Furthermore, liver function appears to be impaired drastically in MARV-infected mice, similar to effects seen in infected nonhuman primates. Increases in BUN levels were also observed, with only mild elevations (two-to fivefold) in creatinine levels, and this may reflect either kidney damage or effects of hypovolemia. The most obvious difference in the mouse model of MHF compared to the nonhuman primate disease is in coagulopathy. The mice had profound thrombocytopenia, hemorrhage, and uncontrolled bleeding after lethal MARV-Ravn infection and also had elevations in D-dimers (fibrin degradation products), although no significant alterations in clotting times were observed (Fig. 6) . It was previously noted for mouse-adapted EBOV that rodents do not , and dendritic cells (CD11b ϩ CD11c), were analyzed using flow cytometry. Data for wt (black lines) and mouse-adapted (blue lines) MARV-Ravn-infected mice were expressed as changes in cell number normalized to day 0 and were compiled from two separate experiments using five mice/time point/study. #, P Ͻ 0.05 between wt and mouse-adapted MARV-infected mice.
mates. Regarding the lack of fibrin tissue deposition in the mouse model, there must be repeated bouts of coagulation sufficient to deplete plasminogen activator in order to see fibrin thrombi. In the presence of plasmin, fibrin thrombi lyse before they can deposit. Therefore, D-dimers may be all that can be seen to reflect the increase in coagulation without clot formation. Nonetheless, it appears that there are differences in mouse physiology that may affect clotting cascades and fibrin deposition.
In our current work, we used a novel approach to adapt a wt isolate of MARV that was avirulent in rodents by first adapting the virus to mice lacking a competent immune system (SCID mice). Once the virus was adapted to SCID mice, the virus was further adapted using BALB/c mice in the context of an intact immune system. This novel method of utilizing genetically altered mice to adapt primary virus isolates may prove broadly applicable to other viruses lacking mouse models. Furthermore, we developed a model which may allow for rapid screen- NP  731  T  C  210  Y  H  733  T  C  739  T  C  VP35  3044  T  C  34  Y  H  3072  T  C  43  V  A  3077  T  C  45  L  P  3078  T  C  3083  T  C  47  C  R  3085  T  C  3129  T  C  62  V  A  IR VP35/VP40  4134  T  C  4139  T  C  4157  T  C  4173  T  C  4174  T  C  4188  T  C  4217  T  C  VP40  4586  T  C  7  Y  H  4588  T  C  4621  T  C  4622  T  C  19  Y  H  4627  T  C  4630  T  C  4737  T  C  57  V  A  4738  T  C  5060  A  G  165  T  A  5117  G  A  184  D  N  5133  A  G  189  N  S  5135  A  G  190  T  A  IR GP/VP30  8268  T  C  8284  T  C  8290  T  C  8298  T  C  8301  T  C  8305  T  C  8307  T  C  8308  T  C  8334  T  C  8337  T  C  8339  T  C  8340  T  C  8341  T  C  8342  T  C  8376  T  C  8390  T  C  8391  T  C  8399  T  C  8410  T  C  8411  T  C  8419  T  C  8423  T  C  8425  T  C  8429  T  C  8440  T  C  8447  T  C  8448  T  C  8454  T  C  8457  T  C  8600  A  G  VP30  9010  A  G  48  T  A  L  16375  T  C  Trailer  19068  T  C a WT, wild-type progenitor virus derived from a human infected with MARVRavn; MA, mouse-adapted virus that is lethal in BALB/c mice.
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